Abstract A new 3-D diffusion code is used to investigate the inward intrusion and slow decay of energetic radiation belt electrons (>0.5 MeV) observed by the Van Allen Probes during a 10 day quiet period on March 2013. During the inward transport, the peak differential electron fluxes decreased by approximately an order of magnitude at various energies. Our 3-D radiation belt simulation including radial diffusion and pitch angle and energy diffusion by plasmaspheric hiss and electromagnetic ion cyclotron (EMIC) waves reproduces the essential features of the observed electron flux evolution. The decay time scales and the pitch angle distributions in our simulation are consistent with the Van Allen Probe observations over multiple energy channels. Our study suggests that the quiet time energetic electron dynamics are effectively controlled by inward radial diffusion and pitch angle scattering due to a combination of plasmaspheric hiss and EMIC waves in the Earth's radiation belts.
Introduction
The Earth's outer electron radiation belt is highly variable due to various source and loss processes [e.g., Reeves et al., 2003; Thorne, 2010; Turner et al., 2014] . The dynamics of energetic electrons in the Earth's outer radiation belt is strongly affected by wave-particle interactions, and the evolution of the electron population can be reasonably described using quasi-linear theory [Kennel and Engelmann, 1966; Lyons, 1974a Lyons, , 1974b . Electrons resonant with ultralow frequency (ULF) waves violate the third adiabatic invariant and undergo radial diffusion, causing radial electron transport [e.g., Cornwall, 1972; Shprits et al., 2008a; Ozeke et al., 2014] . Electrons resonant with higher-frequency electromagnetic waves violate the first and second adiabatic invariants and undergo pitch angle and energy diffusion, causing precipitation losses into the atmosphere and energy exchange with the waves [e.g., Albert and Young, 2005; Glauert and Horne, 2005; Shprits et al., 2008b; Xiao et al., 2009 Xiao et al., , 2010 .
During quiet geomagnetic periods, the evolution of the energetic electron population in the Earth's outer radiation belt is governed by the source caused by radial diffusion and the loss due to pitch angle scattering [e.g., Schulz and Lanzerotti, 1974] . The equilibrium structure of the Earth's radiation belt below~1 MeV has been modeled as a balance between radial diffusion and pitch angle scattering loss due to whistler mode waves [Lyons and Thorne, 1973] . Recent radiation belt modeling has shown that plasmaspheric hiss is a major candidate for the loss of energetic electrons at energies higher than tens of keV inside the plasmasphere [e.g., Thorne et al., 2013; Ni et al., 2013 Ni et al., , 2014 and that electromagnetic ion cyclotron (EMIC) waves can cause efficient losses of highly relativistic (>MeV) electrons [e.g., Horne and Thorne, 1998; Li et al., 2007; Kersten et al., 2014] .
The gradual diffusion of energetic electrons in the 10 day period in March 2013 provides a unique opportunity for a quantitative study of quiet time electron evolution [Baker et al., 2014] . During the~10 day period prior to MA ET AL. Supporting Information:
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• Readme • Figure S1 • Figure S2 Correspondence to: the 17 March 2013 geomagnetic storm, the Van Allen Probes observed the gradual inward transport and weak loss of relativistic electron fluxes in the energy channels up to~10 MeV. Coupling of real-time radial diffusive transport and pitch angle scattering loss is required to explain the detailed electron flux evolution. In this paper we use a three-dimensional radiation belt model to reconstruct the evolution of electron fluxes in multiple energy channels and quantitatively evaluate the roles of radial diffusion and pitch angle scattering due to both plasmaspheric hiss and EMIC waves.
Observations of Electrons and Waves in March 2013
The Van Allen Probes are equipped with high-quality scientific instruments to provide reliable particle and field measurements in the Earth's inner magnetosphere [Mauk et al., 2012] . The Energetic Particle Composition and Thermal Plasma (ECT) suite [Spence et al., 2013 ] measures the radiation belt particle spectra with excellent energy and pitch angle resolution. The Magnetic Electron Ion Spectrometer (MagEIS) instrument [Blake et al., 2013] measures the energetic electrons over the energy range of~30 keV tõ 4 MeV, and the Relativistic Electron Proton Telescope (REPT) instrument [Baker et al., 2012] measures the highly energetic electrons from~1.5 MeV to~20 MeV. The Electric and Magnetic Field Instrument Suite and Integrated Science (EMFISIS) [Kletzing et al., 2013] measures the DC magnetic field (magnetometer) and the wave electric and magnetic fields (Waves instrument). The waveform receiver of the Waves instrument measures wave spectra from 10 Hz to 12 kHz for both electric and magnetic fields. In addition, the search coil magnetometer [Roux et al., 2008] on board the Time History of Events and Macroscale Interaction during Substorms (THEMIS) spacecraft [Angelopoulos, 2008] provides magnetic fluctuation measurements up to~4 kHz. During March 2013, the Van Allen Probes sampled the outer radiation zone around the midnight sector, and the THEMIS spacecraft made observations near noon and on the dawnside; wave measurements from both missions are used to obtain the global distribution of the waves. Figures 1a-1c show the B z component of the interplanetary magnetic field (IMF), the solar wind dynamic pressure, and the Dst index, respectively. On 1 March, the solar wind pressure gradually increased tõ 8 nPa, leading to a modest storm with a minimum Dst index~À50 nT. After the recovery phase of the first storm, the geomagnetic condition remained relatively quiet for~10 days until the arrival of a strong interplanetary shock on 17 March [Baker et al., 2014; Li et al., 2014] , when the IMF B z turned strongly southward, the solar wind pressure rapidly increased to above 20 nPa, and the Dst index dropped to below À100 nT. During the relatively quiet 10 day interval (shaded area), the plasmapause location remained mostly outside~5 R E , and the THEMIS spacecraft observed weak chorus waves on the dayside outside the plasmapause (Figure 1d ). The plasmapause location was estimated from the upper hybrid line (not shown) measured on the EMFISIS Waves instrument when the satellite crossed the upper hybrid resonance frequency with a density of 50 cm À3 . Moderately strong plasmaspheric hiss in the frequency range of 80-4000 Hz, which may cause the decay of energetic electrons, was observed by the THEMIS spacecraft near noon during the inbound path ( Figure 1e ). The Van Allen Probes observed weaker plasmaspheric hiss waves on the nightside (Figure 1f ), providing additional information on the global hiss wave distributions. Figure 1g shows the electron flux for an energy of 80.4 keV and a pitch angle of 90°a s a function of L*, calculated based on the TS05 magnetic field model [Tsyganenko and Sitnov, 2005] . Strong injections of plasma sheet electrons were observed during the geomagnetic storms on 1 and 17 March, respectively. During the 10 day quiet period, only weak variations in the plasma sheet electron flux were observed near L* = 5.5, consistent with the weak chorus activity in Figure 1d . The highly relativistic electron flux (at 3.60 MeV) exhibits a clear tendency for gradual inward radial diffusion (Figure 1h ). At 12:00 UT on 6 March, the peak of the electron flux for an energy of 3.6 MeV was at around L* = 4.5. The peak of the electron flux gradually moved inward to L* = 4.0 and slowly decayed by approximately an order of magnitude over 10 days. The radial diffusion features can be more clearly identified from the electron flux measurements at a constant energy than the phase space density measurements at a constant μ [Baker et al., 2014] . The observations of the waves and energetic electrons during the quiet period suggest that the electron evolution is caused by the simultaneous processes of radial diffusion and slow scattering loss inside the Earth's plasmasphere.
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Simulation of the Gradual Diffusion Processes
Radial diffusion of electrons can be caused by interaction with ULF waves, which are associated with electric and magnetic fluctuations in the magnetosphere. Brautigam and Albert [2000] of the radial diffusion coefficient (D LL ) as a function of Kp, L shell, and electron energy (see supporting information). The time scale of radial diffusion for~1 MeV equatorially mirroring electrons at L~5 when Kp~2 is about 14 days. Therefore, radial diffusion is likely a reasonable cause of the observed inward intrusion of energetic electrons during the 10 day period.
Plasmaspheric hiss and EMIC waves can both be effective for scattering energetic electrons near the loss cone. Hiss and EMIC waves are known to occur in selective magnetic local time (MLT) regions [Meredith et al., 2013 , which may not be sampled by an individual spacecraft. Consequently, to construct a realistic global hiss wave model, we first identified the hiss magnetic wave amplitude B w observed by all three Earth-orbiting THEMIS spacecraft near noon and dawnside ( Figure 1e ) and Van Allen Probes (Figure 1f ) on the nightside every 6 h to obtain the real-time distribution of the root-mean-square plasmaspheric hiss wave amplitudes. To obtain the full global distribution of hiss B w data, the entire 1.5 years of Van Allen Probes B w survey (not shown) is used to calculate the B w ratios in different MLT regions during quiet periods. B w values at regions not sampled by the spacecraft during the period under study are then calculated using the combination of the statistical B w ratios and the localized observation of hiss B w data from Van Allen Probes and THEMIS. The global distribution of hiss B w data averaged over the 10 day period is shown in Figure 2a . Hiss wave amplitudes are strongest on the dayside and between L = 4 and 5, and the wave amplitude averaged over all MLTs and between L = 4 and 5 is~18 pT, which is roughly consistent with the statistical survey during quiet to modest time periods by Meredith et al. [2004] .
Drift-and bounce-averaged diffusion coefficients are calculated using the University of California, Los Angeles (UCLA) full diffusion code [Ni et al., 2008 [Ni et al., , 2011 Shprits and Ni, 2009] by including the harmonic resonances from À10 to +10, which is shown to be adequate to account for the accurate values of pitch angle diffusion rates for plasmaspheric hiss (see supporting information). The hiss wave frequency spectra from~20 Hz tõ 4 kHz at different MLT sectors and L shells were obtained from the 1.5 years of Van Allen Probe survey of the hiss waves during quiet periods (see Figure S2 in the supporting information for hiss wave spectrum near noon at L = 4.5). Between L = 4.5 and 5, the statistical peak hiss wave frequencies lie between 100 and 200 Hz for different MLT sectors. A latitudinally varying wave normal angle distribution of plasmaspheric hiss from Ni et al. [2013] is used in the calculation, which is roughly consistent with the Cluster statistics by Agapitov et al. [2013] . The total plasma density is obtained from the empirical plasmaspheric density model by Sheeley et al. [2001] . The resultant pitch angle diffusion coefficients at L = 4.5 and L = 5.0 averaged over the 10 day period are shown in Figures 2b and 2d , respectively, which are representative for diffusion coefficients over L ≥ 4. The hiss wave pitch angle diffusion coefficients near the loss cone decrease At energies below~1 MeV, plasmaspheric hiss can cause pitch angle scattering into the loss cone over a time scale of tens of days, consistent with the observation by the MagEIS instrument. However, the scattering is much weaker at higher energies, indicating the need for an additional loss process for the highly relativistic electron population (>1 MeV).
EMIC waves can be effective for the loss of multiple MeV electrons in the Earth's inner magnetosphere [Li et al., 2007; Thorne, 2010; Sakaguchi et al., 2013; Usanova et al., 2014; Kersten et al., 2014] . However, direct EMIC wave observations in the region <6 R E were very limited over the 10 day period. Van Allen Probes observed two EMIC wave events, each lasting tens of minutes on the nightside, and THEMIS observed two EMIC wave events, each lasting tens of minutes on the dayside. Consequently, to model the effect of EMIC waves, we assumed that when Kp ≥ 2, the helium band EMIC waves with a modest intensity of B w 2 = 0. . The drift-and bounce-averaged pitch angle diffusion coefficients of the EMIC waves at L = 4.5 and L = 5.0, when Kp ≥ 2, are shown in Figures 2c and 2e , respectively, which are representative for diffusion coefficients over L ≥ 4. Although the adopted EMIC waves cannot scatter electrons with energy lower than~1 MeV, they can effectively cause the loss of multiple MeV electrons within about 10 days, roughly consistent with the REPT observation. The EMIC wave scattering effects depend on the wave frequency spectrum, and the adopted weak helium band EMIC waves with a central frequency of~3.6 f O+ primarily influence the energetic electron populations with energies higher than 1 MeV.
We have recently developed a new three-dimensional radiation belt model to simulate the energetic electron flux evolution between L = 2.5 and L = 5.5 from 12:00 UT on 6 March 2013 to 12:00 UT on 16 March 2013, as described in the supporting information. The energy ranges increase with decreasing L shell and are set as from 0.18 MeV to 5.8 MeV at L = 5.5 and from 1.1 MeV to 20 MeV at L = 2.5. The phase space densities (PSDs) at the higher L shell boundary and lower-energy boundary are obtained from the Van Allen Probe measurements. We assume the absence of particles at the lower L shell boundary and higher-energy boundary. For equatorial pitch angles inside the loss cone, we set the PSD to be zero to simulate an empty loss cone. At the higher pitch angle boundary, we use a zero gradient condition to simulate the flat pitch angle distribution at 90°.
Our simulation of electron flux evolution in multiple energy channels in comparison with observation is shown in Figure 3 . The measurements by the MagEIS instrument (Figures 3a and 3b ) and the REPT instrument (Figures 3c and 3d) clearly show the gradual inward diffusion and slow decay of the 0.59-3.60 MeV electrons. Figure 3e shows the 10 day variations of Kp index multiplied by 10 (black), hiss wave B w averaged between L = 4 and L = 5 and all MLT sectors (red), and EMIC wave B w divided by 10 (blue). The simulated evolution of 0.59-3.60 MeV electron fluxes with a pitch angle of 90°is shown in Figures 3f-3i , respectively, which agrees fairly well with the Van Allen Probe observations in Figures 3a-3d . During the 10 day period, both the observations and our simulation results show that (1) the peak location of 2 MeV and 3.6 MeV electron fluxes gradually moved inward by~0.5 R E and the radial intrusion rate is correlated with the Kp variations, and (2) the peak values of the electron fluxes gradually decreased by about an order of magnitude and the decay rates are correlated with the wave intensity variations. For example, at around 18:00 UT on 12 March, as the hiss and EMIC B w increase, the electron fluxes from 0.59 MeV to 3.60 MeV clearly decay; at around 06:00 UT on 15 March, as Kp index increases, the peak of the electron flux moves to lower L shells. In Figure 3j , we simulated the electron flux evolution without including EMIC wave scattering to test the role of the EMIC waves. The pitch angle scattering rates of~3.6 MeV electrons by plasmaspheric hiss waves are~10 À7 s À1 , and therefore, hiss waves alone cannot cause the clear decaying feature within 10 days. The inward radial intrusion of the energetic electrons in Figure 3j is similar to the simulation result including EMIC waves (Figure 3i ), but instead of decaying, the electron flux increases in association with the inward radial transport. Note that without loss to the atmosphere, the 3.60 MeV equatorially mirroring electrons at around L = 4 at Geophysical Research Letters
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12:00 UT on March 16 simply originate from the~2.95 MeV (with much higher fluxes) equatorially mirroring electrons at around L = 4.5 at 12:00 UT on March 6. Although the EMIC waves in our simulation are weak (B w 2 = 0.1 nT 2 ) and occurrence rates are low (2% for the period when Kp ≥ 2), they can contribute to reduce electron fluxes at >~1 MeV within 10 days, which is consistent with the observed electron dynamics.
Radial diffusion, pitch angle scattering by hiss waves, and pitch angle scattering by EMIC waves can individually cause different evolutions of the electron pitch angle distributions. Figure 4 presents the pitch angle distribution profiles of the 0.59-3.6 MeV electron fluxes at L~4.5 from observations and different simulation results. The simulations including radial diffusion and local scattering by hiss and EMIC waves (referred to as "full simulation"; the black solid lines in Figure 4 ) provide the best agreement with the observations (diamond symbols in Figure 4 ) at multiple energy channels, quantitatively reproducing the evolution of the pitch angle distribution profiles as well. Hiss wave scattering causes flattened pitch angle distribution profiles over a wide range of pitch angles, as shown in the full simulation results and the observational data. The simulation without hiss wave scattering (red dashed lines in Figure 4) overestimates the electron fluxes with energies lower than~1 MeV due to the lack of significant loss processes; at higher energies, the EMIC waves cause the rapid loss of electrons with pitch angles lower than~60-70°but cannot interact with the electrons with higher pitch angles. The simulation without EMIC wave scattering (green dashed lines in Figure 4 ) provides the same profiles with the full simulation for energies lower than~1 MeV but overestimates the electron fluxes at higher energies. The purely radial diffusion process (blue solid lines in Figure 4 ) causes an energization of the electrons when they diffuse inward and overestimates the energetic electron fluxes. The purely local diffusion simulation (cyan solid lines in Figure 4 ) reproduces the decay rates and pitch angle distribution profiles but cannot explain the inward intrusion of the energetic electrons. Overall, Figure 4 clearly shows that the pitch angle scattering loss of electrons at lower and higher energies is effectively caused by the hiss waves and EMIC waves, respectively, and the hiss wave 
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scattering processes lead to the formation of the observed flattened pitch angle distribution profiles from 0.59 to 3.6 MeV. The ongoing cross calibration work on the MagEIS data will slightly increase the observed flux levels in the highest MagEIS energy channels (~1-2 MeV), which would have little effects on our general comparison results above. It is interesting to note that there exists a minimum at~90°pitch angle over 0.84-2.85 MeV from the observed electron pitch angle distribution (diamond symbols in Figure 4 ), but the cause of this feature is not clear at this stage.
Conclusions and Discussions
The gradual diffusion of energetic electrons in March 2013 is an ideal event to study quiet time radial diffusion and pitch angle scattering processes in the Earth's outer radiation belt. The MagEIS and REPT instruments on board the Van Allen Probes provide high-resolution particle data in both time and energy near the equatorial plane in the radiation belts. Following the injections after the geomagnetic storm on 1 March, the electrons gradually diffused inward by~0.5 R E and slowly decayed by approximately an order of magnitude from 6 to 16 March, until the arrival of a strong interplanetary shock on 17 March.
We used a three-dimensional radiation belt model to simulate the evolution of energetic electron fluxes during the 10 day quiet period. The radial diffusion process in our simulation produces L time profiles of energetic electrons consistent with the observations. The global plasmaspheric hiss model constructed based on in situ wave measurements by Van Allen Probes and THEMIS, together with a statistical hiss wave distribution, provides reasonable loss rates for the electrons below~1 MeV, and including pitch angle , and pure local diffusion simulation (cyan solid line), respectively. At energies below~1 MeV, the full simulation profile nearly overlaps with the profile of simulation without EMIC waves, and the profile of radial diffusion nearly overlaps with the profile of simulation without hiss waves, because EMIC waves cannot scatter the low-energy electrons (<~1 MeV).
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scattering by weak EMIC wave activity based on the statistical results is able to account for the loss of the electrons above~1 MeV. The pitch angle scattering by hiss waves also caused the observed flattened pitch angle distributions over a wide range of pitch angles. The coupled processes of radial diffusion and pitch angle scattering by the plasmaspheric hiss and EMIC waves successfully reproduced the essential features of electron dynamics during the 10 day quiet period in March 2013. It is important to note that the EMIC wave model used in our study is based on statistical results and may not represent the actual wave evolution during this 10 day period. Nevertheless, we demonstrate that an additional loss mechanism is needed to scatter MeV electrons more efficiently than that by plasmaspheric hiss alone and show that pitch angle scattering by weak EMIC waves is able to account for >MeV electron loss, consistent with the observation. Recently, Kersten et al. [2014] have also found that the EMIC wave scattering can be a significant loss process for the high-energy electrons with energies greater than~2 MeV using time-averaged EMIC wave power over long periods, which agrees with our conclusions about the roles of EMIC waves.
During quiet periods, the gradual diffusion behavior of energetic electrons is a common feature observed by the Van Allen Probes [Baker et al., 2013 [Baker et al., , 2014 . Since the radial diffusion and pitch angle scattering by weak to modest plasma waves are persistent over long periods, similar electron evolution features may be explained by the diffusion processes described here. Our study suggests that the coupled radial diffusion and pitch angle scattering processes are important in the long-term evolution of energetic electrons in the Earth's radiation belts.
